Abstract. The classical hepatitis B virus (HBV) DNA vaccination plasmid only encodes for a single viral antigen, either the S or the PreS2/S antigen. Many strategies have been employed to improve the effect of these DNA vaccines. Our previous study identified that the fusion gene, HBV S-ecd cluster of differentiation 40 ligand (CD40L), may promote the activation of dendritic cells (DCs) and enhance their function in vitro. In the current study, the effect of HBV S-ecdCD40L vaccine therapy on liver DCs was investigated, and its therapeutic potential in HBV transgenic (HBV-Tg) mice was evaluated. The eukaryotic expression plasmid, pcDNA3
Introduction
Approximately one third of the world's population has serological evidence of past or present infection with hepatitis B virus (HBV), and >350 million people are chronic HBV surface antigen (HBsAg) carriers at high risk of developing liver cirrhosis and hepatocellular carcinoma (1) . Currently, treatment options for chronic hepatitis B (CHB) mainly depend on interferon-α or nucleoside/nucleotide analogs, which control virus replication efficiently but rarely clear the virus completely (2) . Hence, various novel vaccine approaches, including DNA vaccines, have been developed for better therapeutic effect of hepatitis B (2, 3) .
Therefore, the principal therapeutic goal for treating patients chronically infected with HBV is to successfully stimulate an immune response, with the aim of leading to effective viral clearance. Due to an increasing capacity to elicit T-cell immune response, a DNA vaccine may be a more effictive technique to stimulate specific cellular immune responses compared with a recombinant protein-based vaccine (4) (5) (6) .
Dendritic cells (DCs) are the most significant antigen presenting cells (APCs), and serve a central role in antiviral immunity with a unique capacity to bridge innate and adaptive immunity (7) . However, DCs are functionally impaired in patients with CHB (8) . As the interaction between the virus and the host determines the magnitude of the virus-specific immune response (9) , defective processing and presentation of the HBV by antigen presenting DCs may be responsible for the impaired HBV-specific immune responses in CHB carriers. Therefore, enhancing DC function and inducing a specific immune response may be effective for viral clearance.
The CD40 ligand (CD40L), a member of the tumor necrosis factor (TNF) gene family, is preferentially expressed on activated CD4+ T cells (10, 11) . The receptor of CD40L is CD40, which is expressed on APCs, including on DCs. Previous studies have demonstrated that CD40 and CD40L interactions are prominent in the maturation of dendritic cells and additionally enhance the ability of DCs to induce a T-cell response (12-14).
Our previous study successfully constructed plasmids that contain the HBV S-ecdCD40L fusion gene (pcDNA3.1-S-ecdCD40L), which may promote DC activation and enhance their function, with the aim to develop a novel type of hepatitis B vaccine (15) . In the present study, it was hypothesized that HBV S-ecdCD40L therapeutic vaccines will promote the maturation and activation of DCs and thus, may enhance the antigen-specific T-cell generation of HBV transgenic mice to control and eliminate the HBV virus. Construction of the pcDNA3.1-S-ecdCD40L. A 650 bp cDNA fragment coding for the full open reading frame of the murine ecdCD40L gene was cloned from murine lymphocytes of C57BL/6 mice by PCR using Ex Taq polymerase. The following primers for the ecdCD40L gene were used: Forward, 5'-TTA GAA TTC CTT CAT AGA AGA TTG GAT AAG GTC GAA-3' and reverse, 5'-GCG CTC GAG TTA GAG TTT GAG TAA GCC AAA AGA-3'. A 670 bp DNA fragment coding for the HBV S gene was cloned by PCR from a recombinant plasmid containing two times the length of HBV sequence (PCP10), which was obtained from Dr Cheng Jun (Infectious Disease Center, Beijing Ditan Hospital, Beijing, China). There were two primers specific for the HBV S gene that were used: Forward, 5'-GCG GGT ACC ATG GAG AAC ATC ACA TCA GGA TTC-3' and reverse, 5'-GGA GAA TTC GCC GCC GCC GCC AAT GTA TAC CCA AAG ACA AAA GAA AAT-3'. Following this, the pcDNA3.1-S-ecdCD40L vaccine was constructed, as described previously (15).
Materials and methods

Reagents
Immunization schedule. HBV-Tg mice randomly allocated into four groups (n=5 per group) received intramuscular injections in the tibialis anterior muscles as follows: Group A, 100 µg pcDNA3.1-S-ecdCD40L in 100 µl 0.9% saline; and groups B, C and D, 100 µg pcDNA3.1-S, pcDNA3.1 in 100 µl 0.9% saline and 100 µl PBS. Intramuscular injections for the negative control were performed by injecting PBS using a 1 ml insulin syringe with a 28-gauge needle. All mice were immunized on day 0 and boosted on days 14 and 28.
Isolation of dendritic cells.
A total of 6 weeks following the first immunization, liver DCs were isolated from the mouse liver according to established protocols with minor modifications as magnetic-activated cell sorting was used (16) . The mice were anaesthetized with 10% chloral hydrate. Following opening of the abdomen, the needle of a 1 ml syringe was inserted into the portal vein and the liver was perfused with Hanks' Balanced Salt solution containing 1% type IV collagenase and 0.19 g/l EDTA (Beijing Leagene Biotechnology, Co., Ltd., Beijing, China). The inferior vena cava was cut to free outflow of blood. The perfused liver was removed and disrupted with ophthalmic forceps. The cell suspensions were passed through a sterile strainer (pore size, 74 µm), and subsequently resuspended in 35% percoll solution. Following centrifugation at 450 x g for 20 min at room temperature, non-parenchymal cells (NPCs) of the liver were collected. In order to isolate liver DCs, NPCs were purified with a CD11c magnetic bead sorting kit according to the manufacturer's protocol. CD11+cells of ≥90% purity (often ~95% purity) were used in experiments. Subsequently, CD11c-enriched cells were cultured overnight in complete medium.
Flow cytometry. To characterize and compare the expression of surface molecules on DCs, flow cytometry was performed. DCs were washed and stained in PBS for 30 min at 4˚C with PE-or FITC-conjugated monoclonal antibodies against CD86 and MHCII (dilution 1:50). Isotype-matched antibodies (Rat IgG2b K Isotype Control PE/Rat IgG2b K Isotype Control FITC, cat no. 12-4031/11-4031, eBioscience Inc., USA) served as FITC-or PE-conjugated controls, incubation at 4˚C for 20 min. Stained cells were centrifuged with PBS (5 min, 300 x g at 4˚C), the supernatant was discarded and 1% paraformaldehyde 200 µl was added every tube to fix the DCs at 4˚C. Stained cells were then analyzed using an Elite flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Cytokine ELISA. Cytokine levels in the supernatants were measured by an ELISA kit specific for IL-12p70 (cat. no. MAB611; R&D Systems, Inc., Minneapolis, MN, USA) according to manufacturer's instructions, at a wavelength of 450 nm using a microplate reader.
Allogeneic-mixed lymphocyte reactions (MLRs).
T cells were purified from the spleen lymphocytes of C57BL/6 mouse using a CD4+ T isolation kit. Briefly, graded concentrations of DCs from different groups were co-cultured in U-bottom 96-well plates with constant number of allogeneic T-cells (1x10 5 cells/200 ml) at different stimulator:responder (DC:T-cell) ratios (1:5, 1:10, 1:20) for 96 h at 37˚C. The T-cell stimulatory activity of DC populations in MLR was expressed as stimulation index (SI) value and measured using CCK-8 assay in accordance with the manufacturer's protocol.
HBV DNA quantitation. At weeks 0, 3 and 6 following immunization, blood was collected from the mice orbital sinus and 50 µl sera were collected for HBV DNA assay. Quantitative PCR (qPCR) was performed to quantify HBV DNA using an HBV DNA PCR-FIUOTEC kit (Sun Yat-sen University, Guangzhou, China) with a detection limit of 500 copies/ml. The fluorescent signals were quantified by PRISM 7000 Sequence Detection system version 1.2.3 (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Serum HBsAg and alanine aminotransferase (ALT) analyses.
Frozen serum samples collected from the immunized mice were transferred to the reference lab at The First Affiliated Hospital of Wenzhou Medical University for assays of HBsAg and serum ALT levels. The Modular E170 analyzer (Roche Diagnostics, Basel, Switzerland) was employed for HBsAg assay. ALT activity was quantified by the AU5800 automatic analyzer (Beckman Coulter, Inc.).
Statistical analysis. Data analysis was performed using SPSS software (version 18.0; SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance followed by LSD-t or Dunnett's T3 post hoc tests for multi group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Construction and characterization of the recombinant plasmid pcDNA3.1-S-ecdCD40L. The recombinant plasmid was constructed and used for DNA vaccination (Fig. 1) . Following construction, the recombinant plasmids were characterized by digestion with restriction enzymes Xho I/KpnI and EcoRI (Fig. 2) . The fragment digested from the recombinant plasmids by EcoRI was ~6,700 bp in size, as expected. The fragment digested from the recombinant plasmids by Xho I/Kpn I was ~1,500 and 5,200 bp, as expected. The result confirmed that the inserted HBV S-ecdCD40L fusion gene had the correct reading frame and length.
Vaccination induces activation of DC with upregulated expression of CD86 and MHC-II.
To evaluate the phenotypic alterations induced within liver DCs, purified DCs from the liver of pcDNA3.1-S-ecdCD40L-treated transgenic mice, as well as the controls, were subjected to phenotypic analysis by flow cytometry (Fig. 3A and B) . The expression of MHC molecules and co-stimulatory molecules serve an essential role in the maturation of dendritic cells, which interact with T cells for T cell activation (17) . The results demonstrated an evident upregulated expression of CD86 in DCs from the pcDNA3.1-S-ecdCD40L-treated transgenic mice compared with the other three groups ( Fig. 3C; P<0.05 ). In addition, the proportion of DCs that were positive for MHC-II was increased in the pcDNA3.1-S-ecdCD40L group, but showed no significant difference when compared with the pcDNA3.1-S group ( Fig. 3D; P>0 .05).
IL-12p70 production by DC.
The production of IL-12, which is known to induce T-cell proliferation, was assessed. Spontaneous IL-12 production of DCs in the supernatants of four groups is presented in Table I . Compared with the three control groups, IL-12 secretion by DCs from pcDNA3.1-S-ecdCD40L-treated transgenic mice was significantly greater (P<0.05).
Vaccination significantly enhances allogeneic T-cell proliferation in DCs.
To determine the functional properties of DCs, the T-cell stimulatory capacity, expressed as a stimulation index (SI) value, in an MLR was examined. SI is the ratio between the proliferative response (optical density) of T cells in the presence and the absence of DCs in the cultures at different DC/T cell ratio. As presented in Fig. 4 , although the number of T cells was the same in all MLR cultures, the SI went up significantly according to the increasing DCs number. The results showed that DCs from HBV-Tg mice immunized with pcDNA3.1-S-ecdCD40L tended to have significantly increased T-cell stimulatory activity (P<0.05), when compared with the other three groups at the DC/T ratios of 1:5 and 1:10. However, when DC/T was 1:20, there was no significant difference between the four groups (P>0.05).
HBV-S-ecdCD40L vaccination results in the downregulation of HBV-DNA and the clearance of HBsAg in HBV transgenic
mice. The HBV transgenic mice used in the current study had a high-level titer of HBV DNA in their sera prior to immunization. qPCR results revealed that pcDNA3.1-S-ecdCD40L may significantly inhibit HBV DNA replication. Particularly following the third injection, the decrease was obvious ( Fig. 5A; P<0.05) . Furthermore, HBsAg significantly dropped in the sera following the vaccinations (Fig. 5B; P<0 .05). The HBV S-ecdCD40L vaccine resulted in a more rapid downregulation of HBsAg. The reduced levels of serum HBV DNA were observed in pcDNA3.1-S-ecdCD40L or pcDNA3.1-S vaccine-recipients, but not in pcDNA3.1-and PBS-vaccinated HBV-Tg mice. In addition, reduced levels of serum HBV DNA and HBsAg were observed in pcDNA3.1-S-ecdCD40L and pcDNA3.1-S vaccine-recipients, but not in pcDNA3.1-and PBS-vaccinated HBV-Tg mice.
Evaluation of liver injury. An important question was whether an immunization inducing immune responses in HBV-Tg mice would result in inflammation or damage of the liver. Liver injury was evaluated by determining ALT activity, which indicated hepatocyte damage in the sera of the immunized mice. The results demonstrated that ALT activity rose following HBV S-ecdCD40L vaccination, and subsequently returned to the baseline level (Fig. 6) . ALT increased to a high level at week 3 in HBV-Tg mice, then dropped back to the basal level.
Discussion
Despite the presence of an effective prophylactic vaccine, ~1 million patients with CHB succumb to disease annually from liver cirrhosis or hepatocellular carcinoma (18). Table I . Spontaneous IL-12p70 production in a pure DC population. The ultimate goal of therapy for CHB is the eradication of HBV or persistent suppression of viral replication, in order to improve quality of life and survival by preventing disease progression. However, clinical therapeutic drugs for CHB infection often do not lead to satisfactory results. Previously, DNA vaccination has emerged as an attractive approach, and has demonstrated importance in antiviral application due to its ability to induce T cell responses (19) .
Pure DC supernatants ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CHB is an immune-mediated disease. There is a general consensus that a combination of antiviral treatment and immunomodulation is essential to achieve a sustained control of HBV infection (20) . The classical DNA vaccination plasmid only encodes for a single viral antigen, the S or the PreS2/S antigen, and its immunogenicity remains relatively low (21) . Only a few injected DNA molecules are taken up by APCs, which leads to a minority of the corresponding proteins being presented (22) . Many strategies have been employed to improve the efficacy of DNA vaccination. In the present study, eukaryotic expression plasmids of the HBV S-ecdCD40L fusion gene were constructed to promote DC maturation as well as induce specific immune responses to HBV. The HBV-Tg mice model was used as a surrogate model for its persistent HBV infection following neonatal transmission to validate the HBV S-ecdCD40L vaccine's antiviral effect. To date, studies have illustrated the usefulness of HBV-Tg mice in elucidating the viral biology and host/viral interactions when they are used to address questions that cannot be otherwise approached by the existing methodology in human HBV carriers (23, 24) .
It is important for therapeutic vaccine to be able to induce potent T-cell responses. However, the induction of efficient T-cell response requires equally effective cross-presentation of the exogenous vaccine antigens by professional APCs (25) . It is widely accepted that DCs, the most potent type of APC, serve essential roles in priming the T-cell response (26) . The structure of CD40L, the ligand for CD40 on DCs, includes extracellular, transmembrane and intracellular parts. The extracellular domain of CD40L (ecd40L) may combine with CD40 and promote the maturation of DC and enhance its function (27) .
A previous report indicated that an Ad-sig-E7-ecdCD40L vector may activate DCs with a higher level of IL-12 and interferon-γ than controls, and induce increased CD80+ and CD86+ DCs (27) . An additional report demonstrated that a vaccine created by attaching the target-associated antigen (TAA) to the ecdCD40L may facilitate the activation and maturation of DCs by promoting the presentation of TAA on the DCs, thus resulting in expansion of TAA specific T cells and B cells (28) . Although CD40L is significantly involved in the activation of DCs and is essential for the induction of antigen-specific T-cell response, it has not been investigated as a component of DNA vaccination for chronic HBV infection. Therefore, the vaccine formulation of the present study included the S antigen to offer a large epitope repertoire for the immune system, and murine ecdCD40L to activate maturation of DCs.
Our previous study indicated that activating CD40 by pcDNA 3.1-S-ecdCD40L-mediated HBV S-ecdCD40L expression may induce DC activation with upregulated expression of cytokines (including IL-12) and immune regulatory molecules (15) . In addition, activated DC transfects with pcDNA 3.1-S-ecdCD40L stimulated enhanced allogeneic T-cell proliferation (15) . Liver DCs, a particular DC subset, are poorly immunogenic when compared with DCs in other compartments (29) . A profound impairment in the function of DCs (lack of co-stimulatory molecule expression and decreased production of pro-inflammatory cytokines) has been reported in patients with persistent HBV infection, which may account for HBV ability to escape immune response (8) . To study the effect of vaccination on DCs, in the present follow-up study, liver DCs from immunized mice were analyzed by FACS. The results demonstrated that the HBV-S-ecdCD40L vaccine may increase the expression of surface molecules and the production of IL-12. In addition, the allostimulatory activities of DCs were measured in an MLR, and the results indicated that DCs from HBV-Tg mice immunized with pcDNA3.1-S-ecdCD40L tended to have significantly enhanced T-cell stimulatory capacity. These results suggested that the HBV-S-ecdCD40L vaccine may promote activation of DCs, which was consistent with a previous study (15) . It may represent a novel effective and promising treatment of chronic HBV infection.
To further evaluate the potential therapeutic efficacy of the vaccination, serum HBV DNA and HBsAg were detected. The results demonstrated that serum HBsAg and HBV DNA were markedly reduced in HBV transgenic mice immunized with the HBV S-ecdCD40L vaccine. During DNA vaccination alone with a gene of HBV S antigen, the reduction in serum HBsAg and HBV DNA was less evident. Furthermore, a potential complication of inducing an immune response against HBV by the vaccination is that this may generate liver injury. However, the result of serum ALT detection suggested that this may not be an issue. The results of liver injury suggested that HBV-S-ecdCD40L vaccination may break immunotolerance and elicit effective antiviral immunity in a mouse model without causing obvious liver injury.
In conclusion, the present study demonstrated that a HBV S-ecdCD40L vaccine may induce DC activation with upregulated expression of immune regulatory molecules including MHCII/CD86, and pro-inflammatory cytokines including IL-12. These DCs are able to stimulate enhanced allogeneic T-cell proliferation. The effect of this therapeutic vaccine was evaluated in a mouse model of CHB. These findings indicated a significant inhibition of HBV DNA replication and downregulation of HBsAg in HBV-Tg mice, without obvious liver injury. Therefore, the HBV-S-ecdCD40L vaccine may offer a novel and effective therapeutic strategy for CHB sufferers.
